Angle-resolved photoelectron spectroscopy of the unpaired electron in sodium-doped water, methanol, ammonia, and dimethyl ether clusters is presented. The experimental observations and the complementary calculations are consistent with surface electrons for the cluster size range studied. Evidence against internally solvated electrons is provided by the photoelectron angular distribution. The trends in the ionization energies seem mainly determined by the degree of hydrogen bonding in the solvent and the solvation of the ion core. The onset ionization energies of water and methanol clusters do not level off at small cluster sizes, but decrease slightly with increasing cluster size. These two types of isomers could not be identified in the photoionization studies of Na-doped clusters. It is still debated at which cluster sizes the internally solvated electron emerges in the different types of clusters. From the experimental data available, it also remains unclear whether extrapolation of data for large clusters to infinite size is representative for bulk behavior.
therein). Angle-resolved PES of Na-doped clusters have not been recorded before and the few existing PES studies did not report quantitative data or focused on different subjects. 43, 44 Compared with photoionization spectroscopy where ions are detected, PES provides direct information on the ionization energies (IE). Furthermore, angle-resolved PES allows us to exploit the additional information that is contained in the photoelectron angular distribution (PAD). A very recent angle-resolved PES study of solvated electrons in a liquid water microjet revealed distinct differences in the PAD depending on the location of the electron relative to the liquid jet surface. 35 With the present experimental approach, we address open questions concerning electron solvation in Na-doped clusters with regard to the location of the electron, the influence of the Na counter ion, and the role of the degree of hydrogen-bonding in the solvent cluster. Unpaired electrons that reside near the surface are referred to as "surface electrons" and electrons that reside inside the cluster are referred to as "internally solvated electrons" throughout this Letter.
Details and schemes of the velocity map imaging (VMI) photoelectron spectrometer have been described previously. [45] [46] [47] Solvent clusters of different size (n = 1 to a few hundred; with n indicating the number of monomers) were generated by supersonic expansions of sample gases (neat or seeded in He/Ar/N 2 ) through a small nozzle into vacuum. After passing the skimmer, the solvent clusters picked up a single Na-atom in the Na pick-up cell (heated Naoven) and entered the ionization chamber. Photons of 4.66 eV energy from a Nd:YAG laser (repetition rate 20 Hz) were used to ionize the unpaired electron of the Na in the neutral Nadoped clusters. A VMI setup was used to image the photoelectrons onto microchannel plates which were coupled to a phosphor screen with CCD camera. [48] [49] [50] The ionization energy (IE) and the photoelectron angular distribution (PAD) were determined from reconstructed images. The IE is the difference between the photon energy and the measured electron kinetic energy. Reconstructions were performed with BASEX 51 and MEVIR. 52 Figure 1 shows data for clusters with n = 1 to 6 solvent molecules and for a cluster size distribution with an average number of solvent molecules of n av = 37. Size-resolved spectra are obtained up to n ~ 6. For larger solvent clusters, the spectra are averages over distributions of different cluster sizes. In contrast to anion clusters, size selection before the photoemission experiment is not possible for the neutral Na-doped clusters. However, it is possible to determine an accurate size distribution for each photoelectron spectrum using time-of-flight mass spectrometry as described in refs. 45, 58 The size assignment is performed on the basis of these mass spectra (see Figure S1 and Figure   2b , there is no obvious correlation with the strength of the hydrogen bonding. The only trend is that all s are larger than zero, even for the larger clusters.
For all solvents and cluster sizes studied here (up to n = 40), the DFT calculations predict that the unpaired electron is located at the surface as illustrated for dimethyl ether and ammonia in Figure 3a . In the following, we focus on these two substances because of their opposite bulk behavior; i. e. bulk ammonia dissolves Na whilst dimethyl ether does not. The comparison of experimental and calculated IEs in Figure 3b demonstrates that the evolution of the IEs can be explained by structures with a surface electron and does not require the formation of an internally solvated electron. Furthermore, dimethyl ether, which does not dissolve Na in the bulk and has almost no hydrogen bonding, shows the largest drop in IE ( Figure 2a ). An interpretation of the decrease in the IEs in terms of the emergence of the internally solvated electron is clearly too simplistic. The calculations also reproduce the experimental trend observed as a function of the strength of the hydrogen-bond network ( Figure 2a ). This implies that the main contribution to the decrease of the IE arises from the solvation of the charged Na core. According to our calculations the simple picture of a Na atom losing its electron upon solvation by a molecular cluster is not correct. In the cluster size range considered, the HOMO reveals an unpaired surface electron that largely retains the character of a sodium valence electron. So instead of an independently solvated electron and ion we have the solvation of a polarized sodium atom with a distorted valence electron residing on the surface and a (partially) charged Na-core (Na δ+ ) inside the cluster. For strong hydrogen bonding as in H 2 O, the solvation of the Na δ+ disturbs the hydrogen-bond network.
This costs energy and results in a less pronounced decrease of the IE with increasing solvent cluster size. In CH 3 OCH 3 , by contrast, no hydrogen-bond network needs to be disturbed. The Na δ+ solvation is optimal in this case, which results in a very strong decrease of the IE.
CH 3 OH, and NH 3 represent intermediate cases. A better solvated Na δ+ corresponds to a more weakly bound electron. The actual location of the electron -inside or at the surface -would be of minor importance for the evolution of the IE. This effect is also reflected in the reorganization energy upon ionization, i.e. the difference between VIE and AIE, which is largest for the strongly H-bonded systems and virtually zero for CH 3 OCH 3 , with CH 3 OH and NH 3 in between. The situation in Na-doped clusters is thus fundamentally different from anion clusters, which has not always been recognized. Electron-solvent interaction is crucial for the latter, while the balance of the additional interactions of the electron and of the solvent with the ionic core determines the behavior of Na-doped clusters.
The anisotropy in the PAD helps us to further elucidate the nature of the unpaired electron in the Na-doped clusters. The comparison of the calculated parameters and the experimental ones in Figure 3c is also consistent with a surface electron. The trends calculated for surface electron structures are qualitatively similar to the experimental observations. The major differences are the higher absolute values for in the calculations.
Since Na does not dissolve in bulk dimethyl ether and since the calculations for this solvent only support surface electrons, the evolution of the experimental parameters for Na(CH 3 OCH 3 ) n clearly represents the evolution of the surface electron with size. The jump in observed for Na(CH 3 OCH 3 ) 6 is the result of the near octahedral symmetry of this cluster.
The calculations reveal that the HOMO of this cluster has pure s-character which results in a high value. For comparison, Na(CH 3 OCH 3 ) 5 has an s-character of only about 55% (and 45% p-character) and consequently a lower anisotropy. According to the calculations, the observed drop of the parameter for Na(NH 3 ) n for the larger clusters results from a decrease in the s-character and an increase in the p-character of the surface electron, and not from the formation of an internally solvated electron. The situation for the three biggest Na(NH 3 ) n clusters in Figure 3c is unclear. We do not have calculations for these cluster sizes. The low for these clusters could simply correspond to a further decrease of the s-character of the surface electron with increasing size or it could indicate the emergence of the internally solvated electron.
Further strong evidence for surface electrons comes from the anisotropy of the larger Na(H 2 O) n clusters with over a hundred solvent molecules (see data for n max = 320 in Table S1 in the Supporting Information). For these clusters, we measure a value of ~ 0.4 ± 0.1. This 8 value is very close to the value of = 0.3 ± 0.1 that was recently determined by Suzuki and coworkers for Rydberg states of DABCO molecules segregated on the surface of a liquid water micro-jet. 35 To confirm the surface character of this Rydberg electron they have also calculated the anisotropy of a 3s Rydberg state of DABCO fully hydrated by 64 water molecules. The calculated photoemission distribution of this internally solvated system was isotropic ( = 0). The finite photoemission anisotropy observed experimentally was thus assigned to a surface structure. Suzuki and coworkers also provide experimental anisotropy parameters for a fully hydrated electron that still experiences electrostatic interaction with DABCO + . Consistent with their calculations, they find an isotropic photoemission for these internally solvated electrons in the experiment. Electron scattering during the migration of an internally solvated electron through the solvent after photoexcitation is expected to be a major reason for the loss of anisotropy of internally solvated electrons. We would like to note here that almost complete randomization of the PAD at similar electron energies was recently also observed for (NH 3 ) n clusters with only a few tens of molecules per cluster. 45 Electron scattering could be a potential explanation here as well. The nature of the DABCO Rydberg state in water resembles that of our Na(H 2 O) n clusters. Both are Rydberg type electrons interacting with a counter-cation. For this reason, we think that the finite value for larger Na-doped water clusters clearly hints at a surface electron, in agreement with the observations for the other solvents and with the calculations.
In conclusion, we report the first angle-resolved photoelectron studies of different types of Na-doped solvent clusters. These studies address outstanding questions concerning electron solvation. Experiments and calculations for Na(H 2 O) n , Na(CH 3 OH) n , Na(NH 3 ) n , and Na(CH 3 OCH 3 ) n are consistent with surface electrons for the cluster size range studied. The assumption of an internally solvated electron is not required to explain the experimental trends. The analysis of the PAD provides useful information on the location of the electron 9 and provides evidence against an internally solvated electron. The strong decrease in the IEs with increasing solvent cluster size, by contrast, must not be taken as an indicator of the location of the electron for Na-doped clusters. The systematic dependence of the IEs on the type of solvent and its decrease seems to be mainly determined by the degree of hydrogen bonding and the solvation of the ion core. In contrast to the observed ion appearance energies, 26 the IE on do not level off at small cluster sizes for Na(H 2 O) n and Na(CH 3 OH) n . We would like to stress that for finite cluster size the behavior of anion clusters differs qualitatively from that of Na-doped clusters as their energetics are free from the dominating influence of the counter-cations. Extrapolation of anion cluster data to infinite size thus seems a more reasonable approach to predict the properties of the solvated electron in the bulk.
Because of the qualitative difference between anionic and neutral clusters there is also no direct connection between the types of isomers (surface versus internally solvated electron) present in anions and the behavior observed for Na-doped clusters. Table S1 in Supporting Information for data and errors. Note that n = n av for the larger clusters. See Table S1 in Supporting Information for data and errors. 
Description of calculations
Optimized structures of undoped, Na-doped neutral, and Na-doped ionic clusters were calculated with the Gaussian program package 1 for up to n = 40 solvent molecules using the dispersion corrected wB97XD density functional with a 6-31+G* basis set. To confirm that this approach yields reliable equilibrium geometries and an acceptable quantitative description of the balance between solvent-solvent, Na-solvent, and Na + -solvent interaction the results were checked against higher levels of theory (2 nd order Møller-Plesset perturbation theory with up to quadruple-ζ correlation consistent basis sets) for clusters up to n = 3.
Vertical (VIE) and adiabatic (AIE) ionization energies were determined by subtracting the energy of the neutral cluster from the energy of the ionic cluster with the same geometry and most stable relaxed geometry, respectively. For comparison of the calculated ionization energies with the experimental data, the lowest energy isomers of the neutral Na-doped clusters were chosen and the ionization energies referred to that of free Na. The corresponding data are shown in Figure 3b in the main text. Typical variations in the IEs of different isomers are 0.5-1.0 eV for strongly hydrogen bonded and 0.1-0.2 eV for weakly hydrogen bonded Nadoped clusters.
The β-parameters were calculated following the approach proposed by Melko and Castleman 2 :
Eq. (S1)
The sum extends over the angular momentum components ℓ. 
R is the relative radial dipole matrix element of the (ℓ+1) partial wave with R=0.5 for the "maximum interference" case 2 , for which the results are shown in Figure 3c in the main text. Note that Eq. (S1) retains the form of the exact expression (eq. (21) in ref. 5 ). The only difference is that Eq. (S2) omits an ℓ -dependent scaling of the   . It depends on the absolute values of the radial dipole matrix elements, which are unknown. With the assumption of a central potential our model represents a drastic simplification, so that we do not expect it to reproduce absolute β-parameters. Considering the limiting cases of R=0 (pure p→s), R=1
(pure p→d), and R=0.5 ("maximum interference") 2 , however, we find the same qualitative behaviour of β as a function of cluster size. This robustness with respect to the unknown values of the radial dipole matrix elements gives us confidence in the predicted qualitative cluster size dependence. Figure 3c compares the "maximum interference" case -again for the most stable Na-doped cluster isomer -with our experimental data. The size dependence of β is robust with respect to the choice of parameters because the HOMO is dominated by Nacontributions: The outgoing electron experiences a largely atomic environment, which is modulated by the solvent cluster, but remains qualitatively similar for all cluster sizes. We tested this explanation by restricting the summation in Eq. (S1) to Na ANO contributions. The resulting β values show the same qualitative behaviour with respect to cluster size as the full calculation. By the same argument, the size dependence of β is not much affected by the phase shift of the outgoing partial waves. The neglect of the phase shift is usually justified for photodetachment processes by the weak interaction between the outgoing electron and the neutral core. This does obviously not hold for photoionization where the core is charged. But again, in Na-doped clusters the ionization process in essence remains that of a Na atom for all cluster sizes. While appreciable phase shifts would affect the absolute β-values, they would do so to a similar extent for all cluster sizes with correspondingly little influence on the size dependence of β. According to the above arguments, the size-dependence of β is dominated by the ℓ-character of the HOMO.
Determination of cluster size and table of ionization energies and anisotropy parameters Determination of cluster size:
The cluster size distributions were determined from the mass spectra (see main text and references therein). As an example, Fig. S1 shows two typical mass spectra for Na-doped dimethyl ether clusters. The ionization energies (IE) of the small clusters (typically n < 6 where n is the number of solvent monomers in the cluster) differ substantially. For these small clusters, we have recorded photoelectron spectra (PES) for a range of different cluster size distributions which differed in the relative contributions of clusters of size n. This procedure allowed us to assign a certain band in the photoelectron spectrum to a specific cluster size n. For the larger clusters, this is no longer possible. Here, we determined the average (count mean) number of solvent molecules per cluster n av from the mass spectrum and assigned this S3 average size to the corresponding PES (see Table S1 and Figure 1 in the main text) . The maximum number of solvent molecules per cluster n max is also listed in Table S1 to provide an impression of the widths of the cluster size distributions. n max was determined as the largest cluster size that has a signal two times higher than the noise level. Table S1 contains the values for the IEs and β-parameters displayed in Figure 2 in the main text. Two different reconstruction methods, BASEX 6 and MEVIR 7 , were used. The two methods provided similar results except for images with poor signal-to-noise, where MEVIR has been shown to yield more accurate speed distributions than other reconstruction methods 7 , and indeed produced both speed distributions and anisotropy parameter distributions with less noise than BASEX. All β-parameters shown here are determined with MEVIR.
IE max is the IE at a given band maximum in the photoelectron spectrum. IE on is the ionization energy on the low energy side of the band where the electron signal rises twice above the noise level. We used Gaussian fits to determine the IEs from the experimental PES. The uncertainties in IE max and IE on indicated in Table S1 arise from uncertainties in the energy calibration, center-spot determination, different reconstruction methods, roundness of the image, and errors in the Gaussian fits.
The β-parameter for a given band in the PES was determined as the average over 2.5 pixels on either side of the band maximum. The uncertainties indicated in Table S1 reflect uncertainties associated with different reconstruction methods, the roundness of the image, as well as the fitting procedure.
Note that the calculations in Figure 3 are for a single cluster size n av and that explicit averaging over the cluster size distribution does not lead to any significant difference.
